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Bupropion hydroxylation is a bioactivation and metabolic pathway, and the standard clinical CYP2B6 probe. This investigation determined the influence of CYP2B6 allelic variants on clinical concentrations and metabolism of bupropion enantiomers. Secondary objectives evaluated the influence of CYP2C19 and P450 oxidoreductase variants. Healthy volunteers in specific cohorts (CYP2B6*1/*1, CYP2B6*1/*6, CYP2B6*6/*6, and also CYP2B6*4 carriers) received singledose oral bupropion. Plasma and urine bupropion and hydroxybupropion was quantified. Subjects were also genotyped for CYP2C19 and P450 oxidoreductase variants. Hydroxylation of both bupropion enantiomers, assessed by plasma hydroxybupropion/bupropion AUC ratios and urine hydroxybupropion formation clearances, was lower in CYP2B6*6/*6 but not CYP2B6*1/*6 compared with CYP2B6*1/*1 genotypes, and numerically greater in CYP2B6*4 carriers. CYP2C19 and P450 oxidoreductase variants did not influence bupropion enantiomers hydroxylation or plasma concentrations. The results show that clinical hydroxylation of both bupropion enantiomers was equivalently influenced by CYP2B6 allelic variation. CYP2B6 polymorphisms affect S-bupropion bioactivation, which may affect therapeutic outcomes.
Study Highlights WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
þ Bupropion hydroxylation is a bioactivation pathway, CYP2B6 probe, and is stereoselective. The CYP2B6 gene is highly polymorphic, with some variant allele products catalyzing altered racemic bupropion hydroxylation activity.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ What is the influence of CYP2B6 allelic variants, as well as CYP2C19 and P450 oxidoreductase variants, on the clinical plasma concentrations of bupropion enantiomers and bupropion hydroxylation.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
þ CYP2B6*6/*6 genotypes and CYP2B6*4 carriers had decreased and increased hydroxylation, respectively, of both bupropion enantiomers, based on plasma hydroxybupropion/ bupropion AUC ratios and urine hydroxybupropion formation clearance. CYP2C19 and P450 oxidoreductase variants had no effect on plasma concentrations or hydroxylation. HOW MIGHT THIS CHANGE CLINICAL PHARMA-COLOGY OR TRANSLATIONAL SCIENCE? þ CYP2B6 variants may affect bupropion bioactivation to the active metabolite S,S-hydroxybupropion. The results may influence use of bupropion hydroxylation as a CYP2B6 probe.
Bupropion is used for treating major depressive disorder, both initial therapy and relapse prevention, either as monotherapy or in antidepressant combinations. 1 It is also a first-line switch agent for patients intolerant to or nonresponsive to selective serotonin reuptake inhibitors. Bupropion is also used for seasonal affective disorder, smoking cessation, 2 obesity, 3 and attention deficit hyperactivity disorder in adults and children. 4 Bupropion undergoes extensive metabolism, with less than 1% recovered intact in urine, to the three primary metabolites hydroxybupropion (via t-butylhydroxylation), and the isomers threohydrobupropion and erythrohydrobupropion (via keto reduction). Hydroxybupropion exposure is approximately an order of magnitude greater than that of parent drug.
Bupropion is used clinically as a racemate. Metabolism in vitro 5 and disposition in vivo are stereoselective. [6] [7] [8] [9] [10] [11] Plasma R-bupropion exposures are 2-6-fold higher than those of S-bupropion, the apparent oral clearance of S-bupropion exceeds that of Rbupropion, and R,R-hydroxybupropion exposures are 35-65-fold higher than S,S hydroxybupropion. [7] [8] [9] Bupropion hydroxylation is considered to be an important clinical bioactivation pathway, contributing to the antidepressant and smoking-cessation effects of bupropion. Hydroxybupropion is pharmacologically active, inhibiting norepinephrine and dopamine uptake, and antagonizing nicotine and showing antidepressant effects in rodents. [12] [13] [14] Clinically, the smoking-cessation and antidepressant effectiveness of bupropion is attributed to hydroxybupropion. [15] [16] [17] These activities are attributed to S,Srather than R,R-hydroxybupropion, despite much lower plasma concentrations. 13 Bupropion hydroxylation is also an important catabolic pathway. In vitro it is catalyzed predominantly by CYP2B6, 18 and is the standard in vitro probe for assessing CYP2B6 activity and drug interactions. Clinically, racemic bupropion hydroxylation has been used to phenotype CYP2B6 activity, polymorphisms, and drug interactions, and is the recommended standard in vivo CYP2B6 probe. 19, 20 The CYP2B6 gene is highly polymorphic, and carriers of allelic variants have altered in vivo bupropion metabolism, evidenced by the plasma hydroxybupropion/ bupropion area under the curve (AUC) ratio, although bupropion clearance is unchanged. 16, [21] [22] [23] [24] [25] Hydroxybupropion may also inhibit P450 to a similar or greater extent than the parent drug. 26 Bupropion systemic clearance does not depend on CYP2B6 activity because of the low fraction metabolized to hydroxybupropion. However, CYP2C19 is of interest regarding bupropion disposition. CYP2C19 does not catalyze t-butyl hydroxylation, 18 but contributes to bupropion metabolism through alternate hydroxylation pathways, 27 recently identified as aromatic 4 0 -hydroxylation. 28 It is unclear whether CYP2C19 or CYP2B6 contributes more to clinical bupropion metabolism. 29, 30 Nevertheless, CYP2C19 may influence parent drug elimination, as carriers of the reduced activity CYP2C19*2 allele had slightly higher bupropion steady-state plasma exposure. 31 Polymorphisms of P450 oxidoreductase (POR), many of which have decreased activity (the extent of which is also CYP isoformspecific), including towards CYP2B6, 32, 33 might also affect bupropion disposition. Recent clinical studies of an association between POR variants and CYP2B6 activity have reported increased bupropion metabolism in GG homozygous carriers of the POR g.6593A>G polymorphism. 24, 25 While certain CYP2B6 allelic variants have altered hydroxylation of racemic bupropion in vitro [34] [35] [36] and in vivo, 16, [21] [22] [23] [24] [25] the hydroxylation activity of CYP2B6 variants towards bupropion enantiomers is unknown, as is the influence of CYP2B6 genetic polymorphisms on in vivo bupropion enantiomers hydroxylation and clearance. This investigation determined the influence of CYP2B6 genetics on in vivo bupropion enantiomers metabolism and clearance, specifically the most common and clinically significant variant CYP2B6*6. A secondary objective was to evaluate other, less common allelic variants, when encountered. Healthy volunteers were genotyped, and then CYP2B6 genotype cohorts composed to evaluate bupropion disposition. Another secondary objective was to evaluate the influence of CYP2C19 and POR polymorphisms on bupropion enantiomers clinical metabolism and clearance.
RESULTS
Only 17 CYP2B6*6/*6 subjects could be identified and studied. Others with rare allelic variants were also evaluated, including two CYP2B6*5/*5 homozygotes and one CYP2B6*1/*4 heterozygote and three CYP2B6*4/*6 heterozygotes.
Bupropion disposition and CYP2B6 genotypes
Plasma bupropion enantiomer concentrations are shown in Figure 1 for the three major genotype groups (CYP2B6*1/*1, CYP2B6*1/*6, CYP2B6*6/*6), and also for *4 carriers (CYP2B6*1/*4 and CYP2B6*4/*6, shown together as CYP2B6*4/*X) and for *5 homozygotes. Pharmacokinetic parameters are provided in Table 1 . Bupropion disposition was stereoselective, as observed previously. 7, 8 The overall R-bupropion/S-bupropion plasma AUC 0-1 ratio for all subjects was 2.3 (1.8, 3.1) (median, interquartile range). There were no significant differences between CYP2B6*1/*1 and CYP2B6*6 hetero-or homozygotes in bupropion maximum concentration (C max ), AUC 1 , or apparent oral clearance (Cl/F) for either enantiomer or the racemate. For the four CYP2B6*4/*X subjects, AUC 0-1 (ng/ml-hr -1 ) was 3226 98 and 163 6 74 for R-and S-bupropion, respectively, while that for CYP2B6*1/*1 subjects was 737 6 214 and 297 6 123. The R-bupropion/S-bupropion plasma AUC 0-1 ratio in CYP2B6*1/*1, CYP2B6*1/*6, and CYP2B6*6/*6 subjects was 2.5 (1.9, 3.4), 2.5 (2.0, 3.3), and 1.9 (1.8, 2.6), respectively, and not significantly different between groups. Urine recovery of R-and S-bupropion (% of dose) across all subjects was 1.0 (0.5, 2.7) and 0.3 (0.1, 0.5). There were no significant differences between the major CYP2B6 genotype groups in bupropion renal clearance ( Table 2) .
Hydroxybupropion plasma concentrations were highly stereoselective (Figure 1) , as observed previously. 7, 8 The plasma R,Rhydroxybupropion/S,S-hydroxybupropion AUC 0-1 ratio overall was 24 (17, 28) . Significant genotypic differences in bupropion metabolism were observed. Bupropion hydroxylation, evaluated by the plasma hydroxybupropion/bupropion AUC ratio, for both enantiomers and the racemate, was significantly lower in CYP2B6*6 homozygotes compared with CYP2B6*1 homozygotes ( Table 1 , Supplemental Figure S1 ). Conversely, bupropion hydroxylation was numerically greater in CYP2B6*4 carriers. For example, median hydroxybupropion/bupropion AUC ratios in CYP2B6*4/X and CYP2B6*1/*1 subjects were 53 (36, 71) and 21 (15, 25) for R,R-hydroxybupropion, 3.4 (2.7, 4.7) and 2.1 (1.6, 2.7) for S,S-hydroxybupropion, and 37 (24, 52) and 15 (10, 18) for total hydroxybupropion. The plasma R,Rhydroxybupropion/S,S-hydroxybupropion AUC 0-1 ratio was not different in the CYP2B6 genotype groups (25 (21, 34) , 24 (21, 28) , and 18 (16, 26) in CYP2B6*1/*1, CYP2B6*1*/6 and CYP2B6*6*/6 subjects, respectively).
Bupropion hydroxylation was also evaluated using urine excretion data. Overall urine recovery of R,R-and S,S-hydroxybupropion (% of dose) was 5.1 (3.5, 6.6) and 1.6 (1.2, 1.9), respectively. Hydroxybupropion formation clearance for both enantiomers and the racemate was significantly lower in CYP2B6*6/*6 than CYP2B6*1*/1 wildtypes (Table 2, Figure S2 ). Conversely, bupropion hydroxylation was numerically greater in CYP2B6*4 carriers. Formation clearances in CYP2B6*4/X and CYP2B6*1/*1 subjects were 8.0 (4.5, 10.9) and 1.3 (0.8, 2.2) for R,R-hydroxybupropion, 4.4 (2.7, 7.0) and 1.2 (0.8, 1.6) for S,S-hydroxybupropion, and 6.9 (3.8, 9.9) and 1.18 (0.83, 1.93) for total hydroxybupropion, respectively. Bupropion hydroxylation, evaluated by either the plasma hydroxybupropion/bupropion AUC ratio or hydroxybupropion formation clearance was not different from wildtype in CYP2B6*1/*6 heterozygotes. In contrast to hydroxybupropion formation clearances, the urine hydroxybupropion/bupropion molar ratio was not different in CYP2B6*6/*6 subjects.
Bupropion disposition and CYP2C19 genotypes
Plasma bupropion and hydroxybupropion enantiomer concentrations are shown for the CYP2C19 phenotypes ( Figure 2 ). The distribution of CYP2C19 phenotypes was a convenience sample, because subjects had been recruited into CYP2B6 genotype cohorts. CYP2C19 genetic data were not available for all subjects. The final cohort was 22 normal, 14 intermediate, 4 poor, 14 rapid, and 3 ultrarapid metabolizers. Neither R-bupropion nor Sbupropion plasma C max , AUC 0-1 , CL/F, nor elimination t 1/2 were significantly different between the CYP2C19 phenotypes, specifically CYP2C19 normal metabolizers (CYP2C19*1/*1) and either intermediate (9 CYP2C19*1/*2, 1 CYP2C19*1/*3, 4 CYP2C19*2/*17) or rapid metabolizers (CYP2C19*1/*17) ( Table 3) . The results are shown only for the three major phenotype groups for clarity, but were not different in the poor or ultrarapid metabolizers. There were also no significant differences between normal metabolizers and other phenotypes in R,R-or S,S-hydroxybupropion plasma C max , elimination t 1/2 , AUC, hydroxybupropion/bupropion AUC ratios, or urine R,R-or S,S-hydroxybupropion formation clearances (not shown). The results were not different if grouped by allele. Specifically, the AUC 0-1 for CYP2C9*1 (n 5 22), CYP2C9*2 (n 5 17), and CYP2C9*17 (n 5 17) carriers was 620 6 205, 715 6 217, and 664 6 217 hrÁngÁml -1 (P 5 0.11) for R-bupropion, 275 6 123, 273 6 68, and 286 6 118 hrÁngÁml -1 (P 5 0.86) for S-bupropion, and 887 6 291, 986 6 244, and 952 6 32 hrÁngÁml -1 (P 5 0.33) for racemic bupropion.
Bupropion disposition and POR genotypes
Plasma bupropion and hydroxybupropion enantiomer concentrations are shown in Figure 3 for the POR genotypes. The distribution of POR genotypes was a convenience sample, because subjects had been recruited into CYP2B6 genotype cohorts. POR Figure 1 Influence of CYP2B6 genotype on bupropion disposition. Subjects received 150 mg oral immediate release bupropion. Shown are plasma concentrations of (a) R-bupropion, (b) R,R-hydroxybupropion, (c) S-bupropion, (d) S,S-hydroxybupropion, (e) RS-bupropion, (f) total hydroxybupropion. Each data point is the mean 6 SD. Some SD values are omitted for clarity. Genotype cohorts were CYP2B6*1/*1, CYP2B6*1/*6, CYP2B6*6/*6, CYP2B6*4/*X (with results for one CYP2B6*1/*4 and three CYP2B6*4/*6 subjects combined) and CYP2B6*5/*5. ARTICLE VOLUME 105 NUMBER 1 | JANUARY 2019 | www.cpt-journal.comgenetic data were not available for all subjects. Cohorts included 31 POR*1/*1, 22 POR*1/*28, and 7 POR*28/*28 subjects. No POR*5 or POR*8 subjects were identified. Compared with wildtype POR*1/*1, neither the POR*28 heterozygotes or homozygotes had any difference in R-or S-bupropion plasma C max , AUC 0-1 , CL/F, elimination t 1/2 , renal clearance, or R,R-or S,S-hydroxybupropion plasma C max , elimination t 1/2 , or AUC ( Table 4) . There were also no differences in plasma hydroxybupropion/bupropion AUC ratios, or urine R,R-or S,S-hydroxybupropion formation clearances. Subjects were also genotyped for the intronic variant g.6593 A>G, which does not have an assigned allele. Genotype groups were 28 g.6593AA, 26 g.6593AG, and 9 g.6593GG subjects. There were no significant differences in R-or S-bupropion plasma C max , AUC 0-1 , CL/F, elimination t 1/2 , renal clearance, or R,R-or S,S-hydroxybupropion plasma C max , elimination t 1/2 , or AUC. There were also no differences in plasma Significantly different from CYP2B6*1/*1 (P < 0.05). Results are not shown for 3 CYP2B6*4/*6, 1 CYP2B6*1/*4 and 2 CYP2B6*5/*5 subjects.
hydroxybupropion/bupropion AUC ratios or urine R,R-or S,Shydroxybupropion formation clearances between g.6593AA, g.6593AG, or g.6593GG genotypes ( Table 4) .
DISCUSSION
The major finding of this investigation is that clinical t-butyl hydroxylation of both bupropion enantiomers was equivalently influenced by CYP2B6 polymorphisms. Specifically, both the plasma R,R-hydroxybupropion/R-bupropion and S,S-hydroxybupropion/S-bupropion AUC ratios, and the R,R-and S,Shydroxybupropion formation clearances were significantly lower than wildtype controls in CYP2B6*6/*6, but not CYP2B6*1/*6 genotypes. Racemic hydroxybupropion/bupropion plasma AUC ratios and urine hydroxybupropion formation clearances were also significantly lower than wildtype controls in CYP2B6*6/*6, but not CYP2B6*1/*6 genotypes. Although not statistically analyzed due to the small sample size, plasma bupropion concentrations were lower, hydroxybupropion concentrations were higher, hydroxybupropion/bupropion AUC ratios and urine hydroxybupropion formation clearances were numerically greater in CYP2B6*4 carriers vs. CYP2B6*1 controls, for both enantiomers. In contrast to bupropion hydroxylation, R-or S-bupropion disposition was not influenced by CYP2B6 genotype. CYP2B6 genetic effects on in vivo hydroxylation of both Rand S-bupropion are consistent with prior observation that cDNA-expressed and human liver microsomal CYP2B6.1 protein metabolized both enantiomers, and stereoselectively. 5 The in vitro hydroxylation of bupropion enantiomers by expressed CYP2B6 allelic variants has not been reported, however, thus the present in vivo findings cannot be compared with in vitro data. The equivalent influence of CYP2B6 polymorphisms on clinical R-vs. S-bupropion hydroxylation is different than the greater influence of CYP2B6 induction on R-vs. S-bupropion hydroxylation, based on plasma metabolite/parent ratios. 7, 8 For example, rifampin induction increased the plasma S,S-hydroxybupropion/ S-bupropion AUC ratio 2.3-fold, and the R,R-hydroxybupropion/ R-bupropion AUC ratio 1.2-fold, while effects on the formation clearances of R,R-vs. S,S-hydroxybupropion were similar. Ritonavir induction increased the plasma S,S-hydroxybupropion/S-bupropion AUC ratio 1.2-fold, while the R,R-hydroxybupropion/R-bupropion AUC ratio was unchanged, and R,Rand S,S-hydroxybupropion formation clearances were equally increased. As discussed, below, it is possible that these apparent differences in plasma metabolite/parent AUC ratios may be related more to R,R-and S,S-hydroxybupropion disposition than to true stereoselective differences in effects of altered CYP2B6 activity, whether due to CYP2B6 polymorphisms or drug interactions.
Enantioselective effects of CYP2B6 polymorphisms can be compared with previous studies using achiral analysis, and which mostly evaluated CYP2B6*6. The present investigation found a gene-dose effect of the *6 allele to reduce hydroxylation of both bupropion enantiomers, based on both plasma (hydroxybupropion/bupropion AUC ratio) and urine (hydroxybupropion formation clearance) data ( Tables 1, 2) . Previous plasma racemic hydroxybupropion/bupropion AUC ratios in CYP2B6*1/*1, *1/*6, and *6/6 genotypes were (mean) 8, 6, and 5, 21 17, 10, and 9, 24 and 16, 9, and 8, 25 after single-dose immediate release bupropion. At steady state, ratios were 41, 22, and 16 in the three genotype groups, 16 and were less in *6 carriers than wildtypes (13 vs. 17) . 23 The present investigation also found increased bupropion hydroxylation in CYP2B6*4 carriers, with median hydroxybupropion/bupropion ratios in CYP2B6*1/*1 and CYP2B6*4/X subjects of 15 and 37 for total hydroxybupropion, 21 and 53 for R,R-hydroxybupropion, and 2.1 and 3.4 for S,Shydroxybupropion. An influence of CYP2B6*4 was also previously observed, with total hydroxybupropion/bupropion ratios of 8 and 14 in CYP2B6*1/*1 and CYP2B6*1/*4 genotypes, respectively. 21 Although it has been speculated that CYP2B6 genetic variability may contribute to differences in the R/S-bupropion plasma AUC ratio, 29 this did not differ significantly between CYP2B6*1/*1, CYP2B6*1/*6, and CYP2B6*6/*6 subjects. A secondary finding was that CYP2C19 polymorphisms did not influence bupropion enantiomers disposition. Current understanding of CYP2C19 relevance in bupropion metabolism and elimination is evolving, and less characterized than CYP2B6. The fraction of bupropion metabolized clinically by CYP2C19 was predicted to be only one-third that by CYP2B6.
29 CYP2C19 does not catalyze t-butyl hydroxylation to hydroxybupropion in vitro, 18 and CYP2C19 genotype did not affect plasma hydroxybupropion/bupropion AUC ratios in vivo.
31 CYP2C19, however, does catalyze bupropion aromatic 4 0 -hydroxylation, 27, 28, 30 and secondary 4 0 -hydroxylation of the primary metabolites erythrohydrobupropion and threohydrobupropion. 28, 29 Little is known about the influence of CYP2C19 variants on bupropion disposition. Oral bupropion (racemate) systemic clearance was unaffected by CYP2C19 genotype. 21 In contrast, a small (1.15-fold) but statistically significantly greater racemic bupropion plasma AUC was reported in CYP2C19*2 loss of function allele carriers, but there was no difference in CYP2C19*17 gain of function carriers. 31 The present investigation found no difference in bupropion enantiomers AUC between CYP2C19 normal and either intermediate or rapid metabolizers, or between allele types. These results, albeit with small subject numbers, do not support the conclusion that CYP2C19 polymorphisms influence bupropion plasma concentrations.
Another secondary finding was that POR polymorphisms did not influence bupropion enantiomers disposition. Neither POR*28 homozygotes nor g.6593GG genotypes had altered hydroxylation of either bupropion enantiomer, assessed by both plasma hydroxybupropion/bupropion AUC ratios and urine hydroxybupropion formation clearances. Results for POR*28 are congruent with previous observations. 24, 25 Results for the g.6593A>G polymorphism contrast with previous studies, which found greater bupropion hydroxylation in g.6593GG genotypes. 24, 25 Reasons for the differences are not apparent, but could Figure 1 were also genotyped for the CYP2C19*2, *3, and *17 alleles, and were grouped into normal (NM), intermediate (IM), poor (PM), rapid (RM), and ultrarapid metabolizer (UM) phenotypes. CYP2C19 genetic data were not available for all subjects.
be related to ethnic differences in the study populations, as well as small sample sizes. The intersection of stereochemistry and pharmacogenetics for CYP2B6 substrates is relatively unexplored. Common CYP2B6 substrates, which are chiral and used clinically as racemates, include bupropion, methadone, ketamine, cyclophosphamide, and ifosfamide, while nevirapine is achiral and efavirenz and artemether are single enantiomers. Ketamine N-demethylation by CYP2B6 is stereoselective, and both enantiomers are metabolized in vitro less by cDNA-expressed CYP2B6.6 than CYP2B6.1 and in liver microsomes from humans carrying the CYP2B6*6 allele. 37 Clinical ketamine enantiomers metabolism was found not to differ in CYP2B6*6 carriers compared with CYP2B6*1/*1 genotypes, 38 while another study found diminished (racemate) metabolism, although genetic effects could not be distinguished from age effects. 39 Methadone in vitro is N-demethylated stereoselectively by CYP2B6, and both enantiomers are metabolized less and more efficiently, respectively, by expressed CYP2B6.6 and CYP2B6.4 compared with CYP2B6.1. 40, 41 Clinical methadone metabolism and clearance are decreased and increased, respectively, in CYP2B6*6/*6 genotypes and CYP2B6*4 carriers. 42 In contrast, metabolism of racemic bupropion is less by both CYP2B6.4 and CYP2B6.6, 35, 43 as is racemic ifosfamide, which is metabolized more efficiently by CYP2B6.7 and CYP2B6.9. 44 Ifosfamide metabolism by CYP2B6.1 is enantioselective, 45 but stereoselectivity with CYP2B6 variants is unknown. Cyclophosphamide hydroxylation by CYP2B6.6 was greater than CYP2B6.1 in vitro, but this was not apparent clinically. [46] [47] [48] The influence of CYP2B6 polymorphisms and stereochemistry on human ifosfamide and cyclosphosphamide metabolism is unknown. Available data show that stereoselectivity and genetic influences on disposition of bupropion and methadone are similar, with CYP2B6*6 and CYP2B6*4 associated with decreased and increased metabolism, respectively, and both enantiomers are affected, in vitro and in vivo.
One clinical implication of this investigation attends to bupropion pharmacotherapy. Bupropion hydroxylation is a bioactivation pathway, and hydroxybupropion, specifically S,Shydroxybupropion, is considered to contribute to bupropion antidepressant and antismoking effects. 12, 13, [15] [16] [17] Higher plasma racemic hydroxybupropion concentrations, related to CYP2B6 genetic variation, were associated with better smoking-cessation outcomes, 16 and better improvement in depression. 17 This investigation shows that genetic differences in CYP2B6 influence Sbupropion metabolism and S,S-hydroxybupropion formation and thus could affect clinical outcomes. 15, 16 Another clinical implication attends more broadly to CYP2B6 pharmacogenetics. Questions continue regarding the best in vivo CYP2B6 probe. Racemic bupropion, and more specifically racemic bupropion hydroxylation, is the standard in vivo probe for CYP2B6 activity, polymorphisms, and drug interactions, and is recommended by regulatory agencies. 19, 20 Bupropion clearance and plasma AUC do not reflect CYP2B6 activity because hydroxylation is a minor route of elimination. More commonly used is the plasma hydroxybupropion/bupropion AUC ratio, but this is confounded because racemic hydroxybupropion is Figure 1 were also genotyped for the POR*5, *8, and *28 alleles, as well as the g.6593 A>G polymorphism. POR genetic data were not available for all subjects.
elimination rather than formation rate-limited. Urine metrics, such as hydroxybupropion formation clearance and the hydroxybupropion/bupropion molar ratio, do reflect CYP2B6 induction, 7, 8 but there are few other evaluations of these metrics, such as CYP2B6 genetic influences. Urine racemic hydroxybupropion formation clearances differed more than plasma hydroxybupropion/ bupropion AUC ratios in response to CYP2B6 induction, 7, 8 and CYP2B6 genotypes (Tables 1, 2 ). Recognition that bupropion hydroxylation is stereoselective, 5 led to the clinical evaluation of bupropion enantiomers hydroxylation to probe CYP2B6. 7, 8 Because S,S-hydroxybupropion was formation rate-limited, while R,Rhydroxybupropion and the racemate were elimination rate-limited, S,S-hydroxybupropion formation clearance appeared to be an improved measure of bupropion hydroxylation and CYP2B6 activity. After CYP2B6 induction by rifampin and ritonavir, plasma hydroxybupropion/bupropion AUC ratios were increased more for S,S-than R,R-hydroxybupropion, although the formation clearances of both isomers equivalently reflected CYP2B6 induction. 7, 8 In the present investigation the hydroxybupropion/bupropion plasma AUC ratios of the isomers differed comparably in CYP2B6*6 homozygotes, as did the S,S-and R,R-hydroxybupropion formation clearances. Based on in vitro data predicting that the fraction of bupropion metabolized to hydroxybupropion was 3-fold greater for R-than S-bupropion, despite more efficient hydroxylation of Sthan R-bupropion, it was suggested that R,R-hydroxybupropion formation clearance or R,R-hydroxybupropion/R-bupropion metabolic ratios may be a more sensitive and better probe of CYP2B6 activity than S,S-hydroxybupropion/S-bupropion formation clearance or metabolic ratios. 29 This is not consistent with the present and previous data. 7, 8 It is also unclear whether R,R-hydroxybupropion/R-bupropion formation clearance or metabolic ratios would improve on those of the racemate, since the plasma AUC for R,R-hydroxybupropion constitutes 95% of the total hydroxybupropion AUC. One of the greater unknowns is the reason why plasma R,R-and S,S-hydroxybupropion concentrations are so different. 7, 8, 29 Alternative CYP2B6 probes have also been suggested, such as 8-hydroxylation of efavirenz, 49 whose metabolism in vitro was considered to be a better predictor of clinical drug interactions than bupropion. 20 In summary, this investigation shows that CYP2B6 genotype influenced the hydroxylation of both R-and S-bupropion without affecting bupropion plasma concentrations or clearance. CYP2B6*6 homozygotes had decreased hydroxylation, and CYP2B6*4 carriers had increased hydroxylation. CYP2B6 genetic polymorphism had equivalent effects on R-and S-bupropion hydroxylation. Neither the CYP2C19 nor POR genetic variants studied affected bupropion hydroxylation or clearance.
METHODS

Study population and protocol
The investigation was registered (NCT01648283) and was approved by the Washington University in St. Louis Institutional Review Board, and all subjects provided written informed consent. Subjects were normal healthy volunteers (smokers or nonsmokers) age 18-50 years in good general health within 30% of ideal body weight (body mass index <33), had no history of hepatic or renal disease, use of prescription or nonprescription medications, herbals or foods known to be metabolized by or affect CYP2B6 activity. Pregnant or nursing females were not eligible. Potential subjects were genotyped for single nucleotide polymorphisms (SNPs) of CYP2B6 516G>T (rs3745274), 785A>G (rs2279343), 983T>C (rs28399499), and 1459C>T (rs3211371) as described previously. 42 SNP analysis permitted identification of CYP2B6 *1, *4 (785A>G), *5 (1459C>T), *6 (516G>T, 785A>G), *7 (516G>T, 785A>G, 1459C>T), *9 (516G>T), *16 (785A>G, 983T>C), and *18 (983T>C) alleles. Genotyping results then were used to invite subjects to create target cohorts of 20 subjects each with CYP2B6*1/*1, CYP2B6*1/*6, and CYP2B6*6/*6 genotypes. A 30% difference between groups in hydroxybupropion/bupropion AUC ratio was considered clinically significant. To detect a 30% difference between CYP2B6 genotypes, with 30% variability, b 5 0.8, and a 5 0.05, would require 17 subjects per group. The target was 20 per group. In addition, subjects of other rare CYP2B6 genotypes coincidentally identified were also studied. Enrolled subjects were also genotyped for CYP2C19 681G>A (rs4244285), 636G>A (rs4986893), and -806C>T (rs12248560); and also for POR 859G>C (rs121912974), Y181D 541T>G (rs72552771), A503V 1508C>T (rs1057868), and intron g.6593 A>G (rs2868177). SNP analysis permitted identification of CYP2C19 *2 (681G>A), *3 (636G>A), and *17 (-806 C>T) alleles. CYP2C19 variants were grouped into normal, intermediate, poor, rapid, and ultrarapid metabolizer phenotypes. SNPs also identified POR *5 (859G>C), *8 (541T>G), and *28 (A503V) alleles, as well as the g.6593 A>G polymorphism.
A total of 63 subjects (33 male, 30 female; 42 Caucasians, 9 AfricanAmericans, 10 Asians, 2 other/unknown), 29 6 8 years, 74 6 13 kg, were studied. Detailed demographic data are provided in Table S1 .
Subjects were instructed to refrain from: 1) oranges, grapefruit, or apples or their juices for 5 days before and throughout the study period; 2) nonstudy medications (including over-the-counter and/or herbal); for 3 days prior to the study day without prior approval; 3) alcohol for 48 hours prior to and during the study day; 4) caffeine-containing beverages on the study day; and 5) food/liquids after midnight the day prior to bupropion administration.
The study design was a single-center, open-label, single-session protocol. A peripheral intravenous catheter was inserted in an arm for blood sampling. Subjects received 150 mg oral racemic bupropion with 200 cc water, then a standard breakfast and lunch 3 and 5 hours after bupropion administration, respectively, and free access to food and water thereafter. Venous blood was sampled for 73 hours after bupropion, centrifuged, and plasma stored at -808C. Continuous 24-hour urine samples were collected for 3 days and stored at -808C. Plasma and urine R-and S-bupropion and R,R-and S,S-hydroxybupropion concentrations were measured by high-performance liquid chromatography (HPLC)-tandem mass spectrometry as described previously. 50 Interday coefficients of variation were 7, 6, and 5% and 7, 5, and 5% for 1, 10, and 100 ng/ml Rand S-bupropion, respectively, and 9, 5, and 6% and 7, 5, and 6% for 5, 50, and 500 ng/ml R,R-and S,S-hydroxybupropion in plasma, and 9, 7, and 6% and 6, 6, and 7% for 10, 100, and 1,000 ng/ml R-and S-bupropion, respectively, and 6, 7, and 8% and 7, 7, and 5% for 5, 50, and 500 ng/ml R,R-and S,S-hydroxybupropion in urine.
Data and statistical analysis Pharmacokinetic data were analyzed using noncompartmental methods (Phoenix, Pharsight, Mountain View, CA), assuming complete absorption, as described previously. 7, 8 Differences between CYP2B6 genotypes for pharmacokinetic parameters, and major CYP2C19 phenotypes and POR variants were analyzed using one-way analysis of variance followed by the Student-Newman-Keuls test for multiple comparisons (Sigmaplot 12.5, Systat Software, San Jose, CA). Nonnormal data were log transformed for analysis, but reported as the nontransformed results. Statistical significance was assigned at P < 0.05. Formal comparison of other CYP2B6 allelic variants to CYP2B6*1/*1 subjects, and comparison of CYP2C19 poor and ultrarapid metabolizer phenotypes to regular metabolizers was not performed due to the small subject numbers studied. Normally distributed data are reported as the mean 6 SD, others are reported as the median and interquartile range.
Additional Supporting Information may be found in the online version of this article.
